Phosphoamino acid compositions were determined for 10 size classes of cellular proteins, separated by electrophoresis through one-dimensional sodium dodecyl sulfate-polyacrylamide gels. Phosphotyrosine-containing proteins were observed in uninfected chicken embryo fibroblasts in every size class analyzed, ranging from approximately 20,000 to greater than 200,000 daltons. Transformation of chicken embryo fibroblasts by Rous sarcoma virus or PRC II avian sarcoma virus led to increases in phosphorylation of proteins at tyrosine residues in all of these size classes. A large fraction of the phosphotyrosine-containing protein molecules observed in Rous sarcoma virus-transformed cells was larger than 100,000 daltons with a second broad peak in the 35,000-to 60,000-dalton range. This study suggests that there are a number of substrates of viral or cellular tyrosine-specific protein kinases, which have not yet been identified by other methods.
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The src gene of Rous sarcoma virus (RSV) encodes a protein pp6Osrc that is responsible for neoplastic transformation (4) . Purified preparations of pp6Osrc possess protein kinase activity specific for tyrosine residues (6, 7, 10, 15, 16, 20, 21) . In uninfected chicken embryo fibroblasts labeled with 32p under steady-state conditions, only about 0.03% of the acid-stable phosphorylated amino acids in protein are phosphotyrosines; however, this level of tyrosine phosphorylation of cellular protein was observed to be 6-to 10-fold higher after transformation by RSV (15, 28) . Studies with cells infected by temperature-sensitive mutants of RSV show that this phosphorylation is readily reversible upon shifting the temperature, suggesting that at least some of these additional protein molecules phosphorylated at tyrosine residues are directly phosphorylated by pp6Osrc (28) . Although not all transforming viruses have been shown to induce elevated levels of tyrosine phosphorylation of proteins nor to encode proteins which either are themselves or are associated with tyrosine-specific protein kinases (28) , several retroviruses appear to be very similar to RSV in having these two properties. This class of viruses includes Abelson murine leukemia virus, Snyder-Theilen and Gardner-Amstein feline sarcoma viruses, and the defective avian sarcoma viruses (ASV) which have oncogenes distinct from the RSV src gene: Fujinami sarcoma virus, PRC II, and Y73 (1, 2, 13, 18, 22, 23, (29) (30) (31) .
To further our understanding of the interactions between these viruses and their host cells resulting in transformed phenotypes, it is important to identify the cellular target protein or proteins which are phosphorylated by these tyrosine-specific protein kinases. Since phosphotyrosine is a very rare protein modification even in transformed cells, it originally seemed that very few different proteins might be phosphorylated at tyrosine residues, making it easy to identify potential substrates of the protein kinase activity of pp6Osrc. Phosphotyrosine-containing proteins labeled in vivo have previously been identified by two-dimensional gel electrophoresis (8, 9, 25, 26) and by analysis of specifically immunoprecipitated proteins (27) . In addition, several proteins have been phosphorylated at tyrosine residues in vitro in the presence of pp6OSrc (5, 7) ; however, in some cases these proteins are not similarly modified in RSVtransformed cells (27) .
In this study the phosphotyrosine-containing proteins present in cells were labeled with 32p; in vivo and then quantitatively analyzed after fractionation into size classes by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Although this technique affords much less resolution of individual proteins than does twodimensional gel analysis, it is more quantitative and circumvents problems due to specific losses of proteins or to lack of detection of some proteins. Specific issues which are addressed include: (i) the minimum number of phosphotyrosine-containing proteins in uninfected ASV- Since phosphotyrosine represents a very small fraction of the phosphorylated amino acids in protein, it was first necessary to optimize the amount of 32Pi resulting in phosphotyrosine after in vivo labeling. This was accomplished by two modifications of published procedures (15) . It had previously been shown that altering the time of radiolabeling of the cells from 18 to 2 h resulted in a fourfold greater fraction of the total label in phosphoamino acids derived from protein present as phosphotyrosine (17) , apparently owing to a faster turnover rate for phosphate on tyrosine than for that on phosphoserine or phosphothreonine. We found that labeling cells for 4 h led to significantly more incorporation of 32p, while maintaining the higher relative abundance of label in phosphotyrosine. The second modification was to change the time of incubation of proteins with 6 N HCl at 110°C. Since the tyrosine-phosphate bond is somewhat more labile in acid than that of serine-phosphate or threonine-phosphate (24), prolonged acid treatment leads to poorer relative recoveries of phosphotyrosine. We found that 1 h of acid hydrolysis led to a higher relative abundance of phosphotyrosine recovered, although 1 h of hydrolysis led to poorer total levels of phosphoamino acid recovery than did 2 h of hydrolysis.
Phosphoproteins present in chicken embryo fibroblasts infected with Schmidt-Ruppin, subgroup A (SR-A) RSV were initially compared with those in uninfected cells by SDS-polyacrylamide gel electrophoresis. Both cultures were labeled with 32p;, solubilized in radioimmune precipitation buffer (RIPA) (2), clarified by centrifugation, and the supernatants were electrophoresed on discontinuous SDS-polyacrylamide gels. The insoluble pellet was not analyzed, although it has previously been shown that the RIPA supernatant contains about the same fraction of phosphotyrosine as does the whole cell (28) . There was no difference in the phosphoproteins present in the two cell types that was discernible by this type of analysis (data not shown); thus, RSV did not appear to perturb the gross pattern of cellular phosphorylation. This is not too surprising, since the RSV-coded protein kinase activity is specific for tyrosine, and this is a very rare modification even in RSV-transformed cells.
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other tyrosine-specific kinases activated by RSV transformation, 32P-labeled lysates were first electrophoresed through SDS-polyacrylamide gels, and the gels were then sectioned into 10 size classes. Proteins were eluted and their phosphorylated amino acids were analyzed after partial acid hydrolysis by a two-dimensional electrophoretic separation as previously described (15, 28) . The acid-stable phosphoamino acids were identified by their comigration with internal markers. After quantitation of radioactivity recovered comigrating with each of the phosphoamino acids, the percentage of phosphotyrosine recovered in each size class of protein was determined and is plotted in Fig. 1 for uninfected cells and for cells infected with SR-A RSV or with PRC II ASV. Differences in the efficiency of recovery of proteins from one size class to the next would not affect these results since each gel fraction was analyzed independently.
In the uninfected cells, phosphotyrosine-containing proteins were observed in every size class analyzed, ranging from approximately 20,000 to greater than 200,000 daltons. The greatest relative abundance of phosphotyrosine was present in proteins having sizes ranging from about 35,000 to 60,000 daltons (greater than 0.15% per fraction). The lowest relative abundance of phosphotyrosine was in proteins of 20,000 to 35,000 daltons (< 0.10% per fraction).
Because of the small amount of phosphotyrosine in the uninfected cells, quantitation was most difficult here.
A comparison between these results and those of a parallel experiment using chicken embryo fibroblasts transformed by SR-A RSV is also displayed in Fig. 1 In chicken embryo fibroblasts transformed by PRC II ASV, the relative phosphotyrosine levels were highest in the same fractions as for RSV, with the exception that the 100,000-to 150,000-dalton fraction from PRC II-transformed cells contained a much greater amount of phosphotyrosine (Fig. 1) . It is likely that at least a large fraction of the phosphotyrosine in this size class is due to the PRC II-encoded polyprotein P105gagfps, which has been shown to be heavily phosphorylated in vivo at tyrosine residues (2, 22; unpublished data). P105 was also the major phosphotyrosine-containing protein detected in PRC II-infected cells by two-dimensional gel electrophoresis (9 To quantitatively analyze the fraction of the total phosphotyrosine recovered in proteins of various sizes present in cells transformed by SR-A RSV, the recovery of radioactivity from the gel was monitored. When electroelution was performed for 20 h, it was found that radioactivity was obtained from all size classes with relatively equal efficiency. The proportion of the total amount of phosphoprotein in a cell present in each size class was determined by summing recoveries of phosphoamino acids from uniform samples of eluted proteins. The percentage of total phosphotyrosine recovered was then calculated for each size class. Figure 2 shows the result of such an analysis of phosphoproteins in RSV-transformed cells. These data are from the same experiment as in Fig. 1 and in Table 1 , experiment 1. Although most of the total phosphotyrosine recovered was present in proteins of 35,000 to 60,000 daltons, there was a surprisingly large amount of the total phosphotyrosine present in proteins of 100,000 to 150,000 daltons and even larger. If there were a bias in the efficiency of elution, it should favor the smaller proteins, making this result even more striking.
These data suggest that a relatively large number of different cellular proteins are phosphorylated at tyrosine residues as a direct result of transformation by RSV or PRC II and establish a minimum number of 10 potential substrates of the various tyrosine-specific protein kinases in a cell. The actual number of such proteins is probably much larger, since the separation method used here provided no resolution between proteins of similar size. Thus, the substrate specificity of tyrosine-specific protein kinases appears to be broader than was suggested by experiments in which potential substrates were fractionated by two-dimensional gel electrophoresis. Such studies detected only a few phosphotyrosine-containing proteins in transformed cells having sizes of 36,000, 28,000, 43,000 and 46,000 daltons (8, 9, 25, 26) .
The most surprising finding of this study was the large number of phosphotyrosine-containing protein molecules having sizes greater than 100,000 daltons in RSV-transformed cells. The identity or absolute number of these proteins is not known. Such proteins accounted for approximately 30% of the phosphotyrosine in RSVtransformed cells, as determined in this assay, but had not been detected by two-dimensional gel analyses. This discrepancy could be due to the presence of a large number of different phosphotyrosine-containing proteins (each of low abundance), to charge heterogeneity, or to the inability of these large proteins to be resolved by isoelectric focusing. Vinculin, a Uninfected, SR-A RSV-transformed, and PRC II-transformed chicken embryo fibroblasts were grown on 35-mm culture dishes and labeled with 2 to 6 mCi 32P1 (ICN) for 4 h (3). Cells were lysed at 4°C in radioimmune precipitation buffer, clarified by centrifugation (2) , and the supernatants were brought to a final concentration of 2% SDS-10% 2-mercaptoethanol-50 mM Tris-hydrochloride (pH 6.8)-10% glycerol. After being boiled for 2 min, samples were electrophoresed on discontinuous SDS-polyacrylamide gels, using the buffers of Laemmli (19) . The resolving gel was approximately 13 cm high, 14 cm wide, and 2 mm thick and contained 0.1% SDS, 15% acrylamide, and 0.09%o bisacrylamide. After electrophoresis, together with molecular weight markers (Bio-Rad Laboratories), wet gels were autoradiographed for 5 to 20 min. Subsequently, the gels were sliced horizontally into 10 fractions, each approximately 1 cm high. Both the autoradiograms and the molecular weight markers were used to standardize fraction boundaries from gel to gel. Proteins were electroeluted from each gel slice in 5 to 10 ml of buffer containing 0.1% SDS, 0.05 M NH4HCO3, and 5% ,B-mercaptoethanol for 6 to 20 h at 100 to 200 mA. Recovery was monitored by the measurement of Cerenkov radiation. Proteins were precipitated with 20%o trichloroacetic acid, and the protein pellet was washed with chloroform-methanol (2:1). Proteins were partially hydrolyzed with 200 ,ld of 6 N HCI for 1 h at 100°C. Phosphoamino acids were resolved by two-dimensional electrophoresis on cellulose thin-layer plates (E. Merck Labs), first at pH 1.9 and subsequently at pH 3.5 by the procedure of Hunter and Sefton (15); 0.5 Fg of each phosphoamino acid marker (phosphoserine and phosphothreonine were obtained from Sigma Chemical Co.; phosphotyrosine was a gift from T. Hunter) was coelectrophoresed with the radioactive samples and visualized by staining with ninhydrin. After autoradiography of the thin-layer plates, phosphoamino acids comigrating with the markers were eluted with pH 1.9 buffer, and their radioactivity was quantitated by scintillation counting. The relative abundance of phosphotyrosine in each gel fraction is plotted as a function of the molecular weight (MW) of the proteins in that size class.
130,000-dalton cytoskeletal protein, has also been identified as a potential substrate of pp60(rc (27) . However, the number of molecules of vinculin phosphorylated on tyrosine residues is much too low (B. Sefton, personal communication) to account for any significant fraction of the phosphotyrosine-containing proteins larger than 100,000 daltons detected in this study. In PRC II-transformed cells, the large amount of phosphorylation of the viral protein P105 at tyrosine residues ( Fig. 1; 2 The 36,000-dalton protein, which appears by two-dimensional gel analysis to be the major substrate of RSV transformation-induced phosphorylation (also of transformation by several other retroviruses or of activation of the epidermal growth factor receptor-associated kinase activity [8, 9, 11, 12, 14, 25, 26] ), accounted for no more than 15% of the total phosphotyrosine on proteins in this analysis (Fig. 2) . It is not known whether there are additional phosphoty- Table 1 , experiment 1, has been replotted here to demonstrate the proportion of the total phosphotyrosine-containing proteins represented in each size class. rosine-containing proteins present in the 35,000-to 40,000-dalton size class which would diminish further the fraction of total cellular phosphotyrosine present in the 36,000-dalton protein. Both RSV-and PRC II-transformed cells contained several substrates of tyrosine-specific protein kinases in the 30,000-to 60,000-dalton size class. These proteins are likely to include those previously identified by other methods (8, 9, 15 ). An exception to the apparent similarity between RSV-and PRC II-transformed cells in phosphotyrosine-containing proteins has been observed in vinculin, which is not phosphorylated in PRC II-transformed cells (27) .
Since uninfected cells are likely to contain several tyrosine-specific protein kinases, in addition to pp60c-src (the cellular homolog of viral pp60V-src), it is not possible to compare substrates of kinases encoded by v-src and c-src simply by comparison of phosphotyrosine-containing proteins in transformed and nontransformed cells. It is not known, furthermore, whether kinases in addition to pp60-src itself are responsible for the elevated level of tyrosine phosphorylation of proteins in RSV-transformed cells. However, the profiles of phosphotyrosine-containing proteins, although not identical, are not grossly dissimilar between uninfected and RSV-transformed cells. These results are consistent with the hypothesis that the various viral and cellular tyrosine-specific kinases share many of the same protein substrates with perhaps only quantitative differences in preference for different substrates.
In conclusion, it appears that there are several potential substrates of ASV-coded or -activated protein kinases which need to be further characterized, particularly those in the high-molecularweight region. The apparently large number of substrates of protein kinases makes it easier to explain the pleiotropic nature of the transformed phenotype. However, it makes it much more difficult to ascertain which of these substrates are essential for transformation.
This work was supported by Public Health Service grant CA-23896 from the National Cancer Institute.
